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Background: Personalized medicine should be encouraged because patients are complex, and 
this complexity results from biological, medical (eg, demographics, genetics, polypharmacy, and 
multimorbidities), socioeconomic, and cultural factors. Levofloxacin (LVX) is a broad-spectrum 
fluoroquinolone antibiotic. Awareness of personalized therapeutics for LVX seems to be poor in 
clinical practice, and is reflected in prescribing patterns. Pharmacokinetic-pharmacodynamic 
studies have raised concerns about suboptimal patient outcomes with the use of LVX for some 
Gram-negative infections. Meanwhile, new findings in LVX therapeutics have only been spo- 
radically reported in recent years. Therefore, an updated review on personalized LVX treatment 
with a focus on pharmacokinetic concerns is necessary. 

Methods: Relevant literature was identified by performing a PubMed search covering the period 
from January 1993 to December 2013. We included studies describing dosage adjustment and 
factors determining LVX pharmacokinetics, or pharmacokinetic-pharmacodynamic studies 
exploring how best to prevent the emergence of resistance to LVX. The full text of each included 
article was critically reviewed, and data interpretation was performed. 

Results: In addition to limiting the use of fluoroquinolones, measures such as reducing the 
breakpoints for antimicrobial susceptibility testing, choice of high-dose short-course of once- 
daily LVX regimen, and tailoring LVX dose in special patient populations help to achieve the 
validated pharmacokinetic-pharmacodynamic target and combat the increasing LVX resistance. 
Obese individuals with normal renal function cleared LVX more efficiently than normal-weight 
individuals. Compared with the scenario in healthy subjects, standard 2-hour spacing of cal- 
cium formulations and oral LVX was insufficient to prevent a chelation interaction in cystic 
fibrosis patients. Inconsistent conclusions were derived from studies of the influence of sex on 
the pharmacokinetics of LVX, which might be associated with sample size and administration 
route. Children younger than 5 years cleared LVX nearly twice as fast as adults. Patients in 
intensive care receiving LVX therapy showed significant pharmacokinetic differences compared 
with healthy subjects. Creatinine clearance explained most of the population variance in the 
plasma clearance of LVX. Switching from intravenous to oral delivery of LVX had economic 
benefits. Addition of tamsulosin to the LVX regimen was beneficial for patients with bacterial 
prostatitis because tamsulosin could increase the maximal concentration of LVX in prostatic 
tissue. Coadministration of multivalent cation-containing drugs and LVX should be avoided. 
For patients receiving warfarin and LVX concomitantly, caution is needed regarding potential 
changes in the international normalized ratio; however, it is unnecessary to seek alternatives to 
LVX for the sake of avoiding drug interaction with warfarin. It is unnecessary to proactively 
reduce the dose of cyclosporin or tacrolimus when comedicated with LVX. Transporters such as 
organic anion-transporting polypeptide 1 A2, P-glycoprotein, human organic cation transporter 1 , 
and multidrug and toxin extrusion protein 1 are involved in the pharmacokinetics of LVX. 
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Conclusion: Personalized LVX therapeutics are necessary for the sake of better safety, clinical success, and avoidance of resistance. 
New findings regarding individual dosing of LVX in special patient populations and active transport mechanisms in vivo are opening up 
new horizons in clinical practice. 

Keywords: drug interactions, fluoroquinolone resistance, individual dosing, patient complexity, personalized medicine, pharmacokinet- 
ics, pharmacodynamics, therapeutics 



Introduction 

Patients are complex, and further complexity results from 
factors such as biological, medical (demographics, genet- 
ics, polypharmacy, multimorbidities, medication adher- 
ence, dietary habits), socioeconomic, and cultural factors. 1,2 
Therefore, personalized medicine should be encouraged in 
clinical practice. 

According to the fourth edition of the Joint Commis- 
sion International accreditation standards, appropriateness 
of physician orders or prescriptions should be evaluated by 
trained pharmacists prior to dispensing. Pharmacists should 
not only audit the medication information (eg, dose, admin- 
istration route, dose frequency, and current medications), 
but also check key patient information (eg, age, sex, body 
weight, body surface area, current diagnosis, allergy history, 
nutrition status, and clinical laboratory examination results, 
such as hepatic and renal function, international normalized 
ratio [INR], routine blood tests, and serum drug levels). 3-5 
The process of review of appropriateness fully reflects the 
attention to personalized therapeutics. 

Levofloxacin (LVX) is a broad-spectrum antibiotic 
of the fluoroquinolone drug class. It is rapidly and com- 
pletely absorbed after oral administration. 6 Peak plasma 
concentration (C max ) is usually attained 1-2 hours after 
oral dosing. The plasma concentration profile of LVX after 
intravenous administration is comparable in area under the 
concentration-time curve (AUC) to that observed for oral 
tablets when equal doses are administered. LVX is excreted 
largely (87%) as unchanged drug in the urine. The mean 
terminal plasma elimination half-life (t ) of LVX ranges 
from approximately 6 to 8 hours. 6,7 

LVX should be administered only as described within 
the dosage guidelines table found within the package insert. 
However, a recent survey on appropriateness of physician 
orders relating to LVX in our hospital indicated no individual 
patient tailoring for administration of LVX. All patients 
received oral or intravenous LVX at a set dose of 500 mg 
regardless of patient complexity, indicating poor awareness 
of individual dosing of LVX in clinical practice. Prajapati 
and Ganguly assessed the accuracy of drug dosing and 
frequency in patients with renal dysfunction in a tertiary 
care hospital. 8 Of the total drugs (1,338) prescribed to 



the patients, 180 (13.45%) drugs needed dose adjustment 
according to creatinine clearance (CrCl). Of these 1 80 drugs, 
146 (8 1 . 1 1%) were not adjusted according to CrCl and were 
rated as "inappropriate". LVX was found to be the most inap- 
propriately prescribed individual drug. It seems that there is 
an underestimation or lack of knowledge of the importance 
regarding CrCl in determining the appropriate drug dose. 

Meanwhile, in recent years, new findings concerning the 
pharmacokinetics and therapeutic effects of LVX have been 
sporadically reported. Pharmacokinetic-pharmacodynamic 
(PK-PD) studies have raised concerns about subopti- 
mal patient outcomes with the use of LVX for certain 
Gram-negative infections. To our knowledge, no up-to-date 
review is available on personalized LVX therapeutics with 
a focus on pharmacokinetic concerns. Therefore, we now 
present a review on this issue so as to enhance the aware- 
ness of patient-tailored LVX dosing and guide rational use 
of this drug. 

Methods 

Relevant literature was identified by performing a PubMed 
search covering the period from January 1993 (the year LVX 
was launched) to December 2013, using the search terms 
"levofloxacin" and "pharmacokinetics" and additional filters 
(language, English; species, human). Three hundred and 
ninety-seven articles were identified. We considered studies 
that described dosage adjustment of LVX and factors deter- 
mining the pharmacokinetics of LVX, and PK-PD studies 
that explored how best to prevent emergence of resistance to 
LVX. Thirty-nine papers met our inclusion/exclusion criteria 
and were finally included. The full text of each paper was 
critically reviewed, and valuable information was summarized 
by interpretation of the data. 

Results 

Prevention of emergence of resistance 
to LVX from the PK-PD modeling 
perspective 

The fluoroquinolones show concentration-dependent killing 
and a postantibiotic effect. 9 Two PK-PD indices commonly 
used to evaluate fluoroquinolone dosing and response are 
the ratio of the area under the concentration-time curve for 
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24 hours (AUC„ 24 ) to the minimum inhibitory concentration 
(MIC) (AUC^/MIC) and the ratio of peak concentration to 
MIC (C max /MIC). 10 The AUC 0 _ 24 /MIC predicts microbiologi- 
cal outcomes for patients treated with LVX and C /MIC is 

r max 

an indicator for selection of LVX resistance. 

Multiple studies have documented the declining suscep- 
tibilities of Gram-negative isolates to the fluoroquinolones. 10 
In addition to limiting the use of fluoroquinolones, increasing 
fluoroquinolone doses is an option to improve the outcomes 
for patients with Gram-negative infections. However, this may 
put some patients at undue risk for increased adverse events 
(eg, those with low MICs who can attain PK-PD targets with 
normal dosages). The maximum steady-state AUC value in 
healthy volunteers after intravenous administration of LVX 
750 mg every 24 hours is 108 mg • hr/L. In order to attain an 
AUC/MIC of > 125 in the blood at this AUC, the MIC value 
for LVX must remain at <0.86 mg/mL, which is consider- 
ably lower than the level deemed to indicate susceptibility 
according to Clinical and Laboratory Standards Institute 
standards (2 mg/mL for LVX). 11 Defife et al stratified patients 
into three groups, ie, low MIC (^0.25 mg/L), intermediate 
MIC (0.5 mg/L), and high MIC (1-2 mg/L), 12 and found 
that a high MIC was associated with a significant (5.7 days) 
increase in length of stay post-culture relative to the mean 
length of stay post-culture in the low MIC group OP=0.02). 
The study suggests that higher MICs may be associated with 
poorer clinical outcomes even when these MICs are in the 
"susceptible" range. Therefore, another option for combating 
the rising resistance to LVX is to reduce the breakpoints for 
antimicrobial susceptibility testing, which could increase the 
likelihood of attaining current PK-PD targets for LVX and 
reduce the need to increase the dose. 10 

Compared with the well-established regimen of LVX 
500 mg once daily for 10 days in patients with community- 
acquired pneumonia, acute bacterial sinusitis, complicated 
urinary tract infection, and acute pyelonephritis, the high- 
dose (750 mg) short course (5 days) of once-daily LVX 
regimen maximizes its concentration-dependent bactericidal 
activity and may reduce the potential for resistance to emerge. 
In addition, this regimen lends itself to better compliance 
due to the shorter duration of treatment and the convenient 
once-daily administration schedule. 1314 

Pharmacokinetic alterations 
and tailoring the LVX dose 
in special patient populations 

Pharmacokinetic alterations and individual dosing of LVX in 
special patient populations is summarized in Table 1. 15-21 



Obese individuals versus normal-weight individuals 

People are considered obese when the body mass index 
exceeds 30 kg/m 2 . Obesity causes a number of changes, 
including an increase in volume of distribution and changes 
in hepatic metabolism and renal excretion. 22 Cook et al 
described the effects of obesity on LVX pharmacokinet- 
ics in a study where a single 750 mg intravenous dose of 
LVX was given to both hospitalized and ambulatory obese 
individuals. 15 All participants had a mean body mass index 
approaching 50 kg/m 2 . The C max of LVX in these obese 
individuals appeared to be similar to that of normal-weight 
individuals. However, marked variability in LVX clear- 
ance was seen in this obese population. Ambulatory obese 
individuals showed markedly increased LVX clearance, 
resulting in a much lower AUC than would be expected in 
normal-weight individuals. Obese individuals with normal 
renal function clear LVX more efficiently than normal-weight 
individuals. 

Although the target AUC 0 _ 24 /MIC ratio likely depends on 
the causative pathogen, the most accurate predictor of fluoro- 
quinolone success is the AUC 0 24 /MIC. Clinicians should be 
mindful of the potential variability in drug exposure in obese 
individuals and consider the potential impact of underdosing 
when evaluating the response to infection. Luque et al have 
published a case report of LVX weight-adjusted dosing and 
pharmacokinetic disposition in a morbidly obese patient 
(weight, 1 79 kg; body mass index, 56.2 kg/m 2 ). 23 An intrave- 
nous LVX dose of 750 mg (4 mg/kg) was given to this patient 
at 12-hourly intervals and achieved double the adult exposure 
following a standard dose of 750 mg per 24 hours to nonobese 
healthy subjects. Additionally, a longer t 1/2 was observed due 
to an increase in steady-state volume of distribution (V ss ), 
indicating that it would be appropriate to administer an ini- 
tial loading dose to achieve steady state rapidly, followed 
by administration of doses less frequently than 12 hourly in 
order to avoid potential drug accumulation. 

Kees et al assessed the pharmacokinetics of oral ver- 
sus intravenous moxifloxacin in morbidly obese patients. 
Their study results indicated that the pharmacokinetics 
of moxifloxacin were not significantly affected by morbid 
obesity. 24 No dose adjustment seems to be necessary for 
moxifloxacin in this particular population, which supports 
the use of moxifloxacin as an alternative fluoroquinolone if 
clinically indicated. 

Cystic fibrosis versus noncystic fibrosis 

Cystic fibrosis is associated with numerous pathological 
changes that can alter the disposition of drugs. The mean 
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Table I Pharmacokinetic concerns in personalized therapeutics for levofloxacin in specific patient populations 



Specific patient population 



Pharmacokinetic alternations 



Medication therapy management 



Obese versus normal-weight 



Cystic fibrosis versus noncystic 
fibrosis 



Male versus female 



Children versus adults 



Elderly patients versus younger 
patients 



Intensive care patients 



Patients with creatinine 
clearance less than 
SO mL per minute 



Marked variability in levofloxacin clearance was evident 
in the obese population. Obese individuals with normal 
renal function may clear levofloxacin more efficiently 
than normal-weight individuals.' 

Standard 2-hour spacing of calcium formulation and 
levofloxacin was insufficient to prevent a chelation 
interaction in patients with cystic fibrosis. Oral 
absorption of levofloxacin is slower among patients 
with cystic fibrosis when compared with patients 
without cystic fibrosis. 10 

Package insert of LVX does not have any mention 
of sex-specific differences in pharmacokinetics. Two 
studies reported no influence of sex on oral LVX 
pharmacokinetics; however, one study found that V js 
remained significantly smaller in women compared 
with men when pharmacokinetic parameters of 
intravenous LVX were adjusted for body weight." 
Inconsistent conclusions might be associated with 
sample size and administration route. 
Children younger than S years cleared levofloxacin 
nearly twice as fast as adults and, as a result, have 
total systemic exposure (ie, AUC) approximately 
one half that of adults. 12 

Levofloxacin 500 mg once daily yielded probabilities 
of achieving AUC M4 /MIC of 30 of 95.7% for elderly 
patients (>65 years) compared with 72.7% for younger 
patients (<6S years). Levofloxacin pharmacokinetics in 
elderly patients with community-acquired pneumonia 
are markedly different from those in younger patients. 13 
ICU patients on levofloxacin showed significant 
pharmacokinetic differences compared with healthy 
subjects. The mean steady-state total body exposure 
to levofloxacin in ICU patients treated for early-onset 
ventilator-associated pneumonia during the 12-hour 
dosage interval was about 30%-40% lower than in 
healthy volunteers. 14 

Creatinine clearance explained most of the population 
variance in plasma clearance of levofloxacin. 15 



Clinicians should be mindful of the potential 
variability in drug exposure in obese 
individuals and consider the potential impact 
of underdosing. Moxifloxacin may be an 
alternative to levofloxacin if clinically indicated. 
Multivalent cations should be maximally 
separated from oral levofloxacin 
administration. 



It is necessary to address whether sex 
has influences on the pharmacokinetics, 
efficacy, and toxicity of LVX by conducting 
future studies with larger sample sizes. 



Children >5 years need a daily dose of 
10 mg/kg, whereas children 6 months to 
<5 years should receive 10 mg/kg every 
1 2 hours. 

Levofloxacin administered at a dose of 
750 mg once daily results in a high 
probability of target attainment and 
improved bacteriological outcome against 
S. pneumoniae in patients with community- 
acquired pneumonia. 

IV levofloxacin 500 mg twice daily is suitable 
in the treatment of early-onset ventilator- 
associated pneumonia in ICU patients with 
normal renal function. 



Levofloxacin dosage adjustment should be 
individualized on the basis of creatinine 
clearance, especially in those with creatinine 
clearance less than 50 mL per minute. 



Abbreviations: AUC, area under the 
under the concentration-time curve for 



plasma concentration-time curve; V , steady-state volume of distribution; ICU, intensive care unit; AUC^ 24 /MIC, the ratio of area 
24 hours to minimum inhibitory concentration; LVX, levofloxacin; IV, intravenous. 



gastric emptying and small intestinal transit times may be 
twice as long in patients with cystic fibrosis compared with 
healthy subjects, and the rate of drug absorption may be 
affected. 25 

Fluoroquinolones are commonly used to treat lung 
infections in patients with cystic fibrosis. These patients are 
susceptible to lung infection with common bacteria such as 
Staphylococcus aureus and Haemophilus influenzae, but 
are also prone to infection by opportunistic bacteria, includ- 
ing Pseudomonas aeruginosa. 26 Lee et al investigated the 
pharmacokinetics of LVX in adults with cystic fibrosis. 27 



The steady-state pharmacokinetics of LVX in patients with 
cystic fibrosis receiving 500 mg once daily orally were simi- 
lar to those in subjects without cystic fibrosis when corrected 
for body mass, except for the time to C (T ). Patients with 

J 1 max v max^ 

cystic fibrosis have a longer T max probably due to prolonged 
gastric emptying (cystic fibrosis versus non-cystic fibrosis: 
2.20+0.99 hours versus 1 . 1+0.4 hours, respectively, P<0.0 1). 
Pai et al characterized the steady-state pharmacokinetics of 
LVX 750 mg given orally with and without 2-hour spaced 
calcium carbonate in patients with cystic fibrosis and com- 
pared them with matched healthy volunteers. 16 There was no 
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significant interaction between LVX and calcium carbonate 
in healthy volunteers; however, when patients with cystic 
fibrosis received LVX with 2-hour spaced calcium, the C 

r 3 max 

decreased by 19% and T max increased by 37% (P<0.05), 
indicating that standard 2-hour spacing between the calcium 
formulation and LVX was insufficient to prevent a chelation 
interaction. Patients with cystic fibrosis are usually prescribed 
calcium carbonate to prevent osteoporosis and may be at risk 
for this interaction. Other cations, such as aluminum, iron, 
and magnesium, may have greater impact on the absorption 
of LVX, given that they have a higher chelation potential than 
calcium. Therefore, multivalent cations should be maximally 
separated from oral LVX administration to further optimize 
the antibiotic efficacy and decrease the potential for develop- 
ment of resistance in patients with cystic fibrosis. 

MP-376 is a novel solution formulation for aerosol 
administration of LVX, and was developed for patients 
with cystic fibrosis who have chronic infections due to 
P. aeruginosa. In one study, this product was used at three 
doses (120 mg every day, 240 mg every day, 240 mg twice 
a day) for 28 days, and was well tolerated and demonstrated 
significant clinical efficacy in heavily treated patients with 
cystic fibrosis and pulmonary P. aeruginosa infection. 28 All 
doses of MP-376 resulted in reduced density of P. aeruginosa 
in sputum at day 28, with MP-376 240 mg twice a day show- 
ing a 0.96 log difference compared with placebo (.P=0.001). 
There was a dose-dependent increase in the forced expiratory 
volume in one second (FEVj) for MP-376, with a difference 
of 8.7% in FEVj between the 240 mg twice a day group and 
placebo (P=0.003). Significant reductions (61%-79%) in 
the need for other antimicrobials to treat P. aeruginosa were 
observed with all MP-376 treatment groups when compared 
with placebo. From this perspective, use of MP-376 may 
circumvent the special administration requirements when 
comedication of oral LVX and multivalent cation drugs is 
unavoidable. 

Males versus females 

Almeida et al compared the bioavailability of two tablet for- 
mulations of LVX and evaluated the effect of sex on analysis 
of bioequivalence. The use of sex-related model effects 
showed that sex was a significant factor for the AUC; how- 
ever, when the parameters were normalized by dose adjusted 
to body weight, none of the tested model effects were sig- 
nificant. Possible differences in pharmacokinetic parameters 
between males and females may be related to differences in 
body weight. 29 Chien et al investigated the influence of sex 
on the pharmacokinetics of LVX in healthy subjects receiving 



a single oral 500 mg dose of LVX, and concluded that dose 
adjustment based on sex alone was not necessary given that 
the differences in LVX kinetics between males and females 
are minimal and mainly related to renal function. 30 

Overholser et al compared the pharmacokinetics of 
intravenous LVX after a single 500 mg dose in men and 
women who showed no significant difference in body mass 
index, and observed that women had a 24% greater exposure 
(AUC) to LVX, with a significantly smaller V ss (P<0.01) 
and a slower clearance (P<0.01). 17 When pharmacokinetic 
parameters were adjusted for both lean and total body weight, 
the difference in clearance was attenuated but V remained 

ss 

significantly smaller in women than in men, indicating a sex 
difference in V after intravenous administration of LVX. The 

ss 

investigators concluded that intravenous LVX dosage adjust- 
ments based on sex should be considered on an individual 
basis and that women may have an increased risk of fluoroqui- 
nolone toxicity than men whereas men may need higher doses 
to achieve similar drug efficacy than women. However, dosing 
recommendations in the LVX product labeling approved by 
the US Food and Drug Administration do not mention any 
sex-specific differences in pharmacokinetics. 31 Inconsistent 
conclusions derived from studies of the influence of sex on 
the pharmacokinetics of LVX may be associated with sample 
size and administration route. It is worth noting that Bailey 
et al have demonstrated male sex to be a significant risk factor 
for resistance to LVX (_P<0.05). 32 Therefore, it is necessary to 
address whether sex has influences on the pharmacokinetics, 
efficacy, and toxicity of LVX by conducting further studies 
with larger sample sizes. 

Children versus adults 

Fluoroquinolones, including LVX, are not recommended 
for use in children, mainly because studies in juvenile 
laboratory animals suggest that there may be an increased 
risk of fluoroquinolone-associated cartilage lesions. How- 
ever, in May 2008, LVX was approved by the US Food and 
Drug Administration as a treatment for children following 
inhalational exposure to anthrax. The risk-benefit assessment 
indicated that administration of LVX to pediatric patients 
with inhalational anthrax (post-exposure) is appropriate. 31 
According to the prescribing information for LVX, 31 the 
dosage in pediatric patients ^6 months of age is as follows: 
500 mg per 24 hours for 60 days (>50 kg bodyweight) and 
8 mg/kg (not to exceed 250 mg per dose) per 12 hours for 
60 days (<50 kg bodyweight). 

Chien et al conducted a single-dose, multicenter pharma- 
cokinetic study in 85 children in five age groups (6 months to 
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<2 years, 2 to < 5 years, 5 to < 1 0 years, 1 0 to < 1 2 years, and 
12-16 years) and described the basis of the pediatric dose rec- 
ommendation for LVX in the prescribing information. 18 Each 
child received a single 7 mg/kg dose of LVX intravenously 
or orally. LVX absorption (reflected by C and T ) and 

J r K J max max' 

distribution in children were similar to that in adults, whereas 
elimination of LVX (reflected by t m and clearance) was age- 
dependent. Children younger than 5 years cleared LVX nearly 
twice as fast as adults and had a systemic exposure level about 
one half that of adults. To provide compatible LVX exposures 
associated with clinical effectiveness and safety in adults, the 
investigators recommended that children aged 5 years and older 
need a daily dose of 10 mg/kg, whereas children 6 months to 
<5 years should receive 10 mg/kg every 12 hours. 

Elderly patients versus younger patients 

A population pharmacokinetics study of LVX in 522 subjects, 
including normal individuals and patients with infectious 
diseases, reported that elderly subjects (^65 years) had a 
32% reduction in clearance and a 6% greater apparent volume 
of distribution. 33 

Chien et al investigated the influence of age on the phar- 
macokinetics of LVX in healthy subjects receiving a single 
oral 500 mg dose of LVX and found that the difference in LVX 
kinetics between the young and the elderly was minimal. 30 
Noreddin et al determined the target attainment potential of 
LVX administered at various dosing regimens according to age 
in inpatients with community-acquired pneumonia (ie, elderly 
[^65 years] versus younger [<65 years] patients). 19 Dosing 
regimens for LVX were evaluated as 500 mg, 750 mg, and 
1,000 mg once daily administered to both elderly patients and 
younger patients. Monte Carlo simulation using LVX 500 mg 
once daily yielded probabilities of achieving a free-drug AUC^/ 
MIC of 30 of 95.7% for elderly patients compared with 72.7% 
for younger patients. LVX 750 mg and 1,000 mg once daily 
had probabilities of achieving free-drug AUC M4 /MIC of 30 of 
98. 1% and 99.2% and of 90. 1% and 95.2% for elderly patients 
and younger patients, respectively. The pharmacokinetics of 
LVX in elderly patients with community-acquired pneumonia 
were markedly different from those in younger patients. Higher 
AUC and longer t 1/2 values in elderly patients with community- 
acquired pneumonia compared with younger patients indicate 
a higher probability of PK-PD target attainment and improved 
bacteriological outcome in patients with S. pneumoniae. 

Intensive care patients 

In general, the pharmacokinetics of antibiotics in intensive 
care patients are known to differ from those in healthy 



subjects. Tayab et al assessed the relationship between patient 
covariates and the pharmacokinetic parameters of LVX in 
critically ill patients and found that CrCl was a statistically 
significant predictor of variability in total LVX clearance. 34 
Intensive care patients on LVX therapy showed signifi- 
cant differences in pharmacokinetics compared with healthy 
subjects. Patients with a high renal clearance who receive 
a standard dose of 500 mg of LVX may not achieve a high 
enough AUC/MIC ratio, and thus may show a decreased 
antibiotic effect. Conversely, patients with reduced renal 
clearance may have a greater exposure of LVX because of a 
larger AUC/MIC. 35 This may have significant implications in 
clinical practice (eg, avoiding the potential of significant drug 
accumulation and any undesired effects) for identifying opti- 
mal dosage regimens for intensive care patients, especially for 
those with impaired kidney function. Sanchez Navarro et al 
evaluated the influence of clinical circumstances in intensive 
care units on the pharmacokinetic behavior of LVX 500 mg/ 
day by multiple regression analysis. 36 CrCl was found to be 
the only one independent variable, explaining more than 85% 
of the observed variability in AUC. The apparent volume of 
distribution value showed a statistically significant correlation 
with severity of illness on the Simplified Acute Physiology 
Score II. 36 CrCl, as well as total bodyweight and severity 
of illness, might be considered when designing the dosage 
regimen of LVX to achieve AUC/MIC and C /MIC values 

0 max 

with higher probabilities of clinical success and avoidance 
of resistance. 36 

Pea et al investigated the pharmacokinetics of LVX and 
the PK-PD appropriateness of its total body exposure in 
intensive care patients treated with intravenous LVX 500 
mg twice daily for early-onset ventilator-associated pneumo- 
nia. 20 The mean steady-state total body exposure to LVX in 
these patients during the 12-hour dosage interval was about 
30%^10% lower than in healthy volunteers. This reduced 
exposure might be the consequence of a much greater mean 
LVX clearance in these patients when compared with that 
in healthy volunteers (3.40 versus 2.42 mL/min/kg, respec- 
tively), resulting in a shorter t ]/2 (5.2 hours versus 7.6 hours). 
More unmetabolized LVX was excreted by these intensive 
care patients than by healthy subjects (76% versus 68%, 
respectively). Coadministered drugs used to treat underlying 
diseases (eg, dopamine, furosemide, mannitol) might partially 
account for the enhanced elimination in critically ill patients. 
These findings support the suitability of intravenous LVX 
500 mg twice daily in the treatment of early-onset ventilator- 
associated pneumonia in intensive care patients with nor- 
mal renal function since the regimen ensures appropriate 
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C /MIC and AUC/MIC values against methicillin-sensitive 

max 0 

S. aureus and H. influenzae. 

Patients with creatinine clearance less 
than 50 ml_ per minute 

Preston et al developed a population model of the disposition 
of LVX and found that CrCl explained most of the popula- 
tion variance in plasma clearance of LVX. 21 LVX dosage 
adjustment should be individualized on the basis of the CrCl, 
especially in those with CrCl less than 50 mL per minute. 
For patients with a CrCl of 20^9 mL per minute, a 500 mg 
dose should be followed by 250 mg every 24 hours. For those 
with a CrCl less than 20 mL per minute, the same initial dose 
should be followed by 250 mg every 48 hours. This extended 
interval also applies to patients on hemodialysis or chronic 
ambulatory peritoneal dialysis. For patients with a CrCl of 
20^49 mL per minute, an initial dose of 750 mg should be 
followed by 750 mg every 48 hours. For those with a CrCl less 
than 20 mL per minute, including patients on hemodialysis 
or chronic ambulatory peritoneal dialysis, the initial 750 mg 
dose should be followed by 500 mg every 48 hours. 7,31 

Intravenous versus 
oral administration 

The interchangeability of the oral and intravenous routes of 
LVX administration is supported by randomized, double- 
blind, parallel-design, placebo-controlled studies. No signifi- 
cant differences in the pharmacokinetics of once-daily oral 
LVX or intravenous LVX were found in a study of 40 healthy 
male volunteers. 37 LVX was rapidly and completely absorbed 
from the oral tablets, with a mean T max of approximately 
1.5 hours and a mean absolute bioavailability of ^99%. 
Yen et al investigated the clinical and economic impact 
of a pharmacist-managed intravenous to oral conversion 
service for LVX in Taiwan. This service not only reduced 
the duration of hospital stay (27.2 days versus 16.1 days, 
P=0.001), but also yielded significant cost savings with 
regard to total inpatient expenditure (S6,096+$5,164 versus 
$3,649.6±$3,740.4, preintervention period versus interven- 
tion period, respectively, P=0.017). 38 

Dose frequency 

Deguchi et al evaluated the relationship between dosing 
frequency of LVX and AUC„_ 24 /MIC and C max /MIC in 
complicated urinary tract infections with Escherichia coli or 
P. aeruginosa? 9 Patients received 500 mg once daily, 100 mg 
three times daily, 200 mg twice daily, or 200 mg three times 
daily dose regimens of LVX. Monte Carlo simulation was 



performed for 10,000 cases using the pharmacokinetic data 
of patients with complicated urinary tract infections and 
the LVX MIC distributions for clinical strains of E. coli or 
P. aeruginosa. For the probabilities of achieving the C max / 
MIC targets that prevent emergence of fluoroquinolone 
resistance, the once-daily dose regimen (66.8%) did not dif- 
fer from the other multiple-dose regimens (62.3%-66.2%) 
in is. coli, whereas the former regimen (44.2%) was superior 
to the latter regimens (1 0.8%— 3 1 .7%) in P. aeruginosa. The 
500 mg once-daily dose regimen of LVX could produce a 
larger AUC. „and higher C , thus ensuring effective eradi- 

° 0-24 0 max' 0 

cation of uropathogens and reducing the risk of fluoroqui- 
nolone resistance in complicated urinary tract infections. 

Food-drug interactions 

The overall bioavailability of LVX following a high-fat meal 
was not altered despite the fact that absorption of LVX was 
slightly delayed by food. 40 However, a study by Amsden et al 
concluded a lack of bioequivalence of LVX when admin- 
istered in a fasting state as compared with administration 
with a typical breakfast of calcium-fortified orange juice 
and ready-to-eat cereal. 41 Wallace et al demonstrated that 
orange juice with or without calcium fortification decreased 
C values for LVX by 14%-1 8% and prolonged the T by 

max J jr o max j 

approximately 50%. 42 The underlying mechanism for such 
an interaction may be that LVX and components of orange 
juice compete for intestinal transport mechanisms, such as 
P-glycoprotein and organic anion-transporting polypeptides, 
rather than a chelation interaction. 

Drug-drug interactions 

Tamsulosin-LVX 

Altintas et al retrospectively investigated the clinical 
outcomes in patients with type III inflammatory chronic 
prostatitis who were treated with fluoroquinolones with 
and without tamsulosin. The patients were divided into 
six groups as follows: group 1 (ciprofloxacin), group 
2 (ofloxacin), group 3 (LVX), group 4 (ciprofloxacin + 
tamsulosin), group 5 (ofloxacin + tamsulosin), and group 
6 (LVX + tamsulosin). The combination therapies were bet- 
ter than antibiotic therapies alone, and the best result was 
obtained using the LVX + tamsulosin combination. 43 The 
enhanced efficacy may be explained by the finding that tam- 
sulosin could alter the pharmacokinetics of LVX in prostate 
tissue derived from rats with acute bacterial prostatitis. 44 
Ninety-six rats with experimental bacterial prostatitis were 
randomly assigned to two groups, ie, an experimental group 
(treated with both tamsulosin and LVX, n=48) and a control 
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group (treated with LVX and solvents, n=48). Tamsulosin 
increased the C , prolonged the t._, and decreased the 

max' ■ D 1/2' 

clearance of LVX (P<0.05) in the prostatic tissue, despite 
there being no obvious differences (P>0.05) between the 
two model rat groups in terms of the major pharmacokinetic 
parameters of LVX in plasma or in the hepatic and kidney 
tissues. These results indicate that tamsulosin may enhance 
the effect of LVX in the treatment of bacterial prostatitis 
without changing the LVX concentration in the liver or 
kidney. Thus, physicians may consider adding tamsulosin 
to the levofioxacin regimen for patients with bacterial 
prostatitis in view of the synergistic pharmacodynamic and 
pharmacokinetic effects of these drugs. 

Multivalent cation-containing drugs-LVX 

Coadministration of oral divalent ortrivalent cation-containing 
medications and oral fluoroquinolones may impair fluoro- 
quinolone absorption. Among 3,134 patients who received 
a course of oral LVX, coadministration was significantly 
associated with subsequent identification of an LVX-resistant 
isolate. 45 Strategies to curb the emergence of LVX resistance 
should include avoiding coadministration of divalent or tri- 
valent cation-containing compounds and LVX. 

Warfarin-LVX 

Case reports and retrospective evaluations have indicated 
that LVX may significantly potentiate the anticoagulation 
effect of warfarin and lead to an increase in INR. 46-48 Moffett 
et al evaluated readmissions for warfarin-related bleeding 
in pediatric patients after hospital discharge and found that 
LVX at discharge (odds ratio 8.3, P<0.01) was a significant 
risk factor for readmission for bleeding. 47 Concomitant use 
of other antibiotics, such as amoxicillin, azithromycin, cipro- 
floxacin, and moxifloxacin, could also result in a significantly 
increased INR in patients ^65 years on stable warfarin 
therapy. 49 Clark et al investigated the interactions between 
warfarin and antibiotics in the ambulatory care setting and 
concluded that acute upper respiratory tract infection could 
increase the risk of excessive anticoagulation independent 
of antibiotic use and antibiotics could also increase the 
risk. However, most patients on previously stable warfarin 
therapy will not experience clinically relevant increases in 
INR following exposure to antibiotic or acute upper respi- 
ratory tract infection. 50 For patients receiving warfarin and 
LVX concomitantly, caution is advised regarding potential 
changes in INR values; however, it is not necessary to seek 
alternatives to LVX for the sake of avoiding a drug interac- 
tion with warfarin. 



Cy c lospori n/tac ro I i m us-LVX 

Comedication with fluoroquinolones and immunosuppres- 
sive agents such as cyclosporin and tacrolimus are possible 
in clinical practice. Cyclosporin and tacrolimus are two 
immunosuppressive agents with similar mechanisms of 
action and are widely used in kidney transplantation. They 
are extensively metabolized by the liver via the cytochrome 
P450 (CYP) enzyme, the most important isoenzyme of 
which is CYP3A4. Ciprofloxacin and norfloxacin can 
increase blood concentrations of cyclosporin because they 
are metabolized by the liver through the same enzymatic 
pathway as cyclosporin. However, this drug-drug interaction 
does not indicate a "class effect". A placebo-controlled, ran- 
domized, double-blind, two-phase crossover study in healthy 
subjects showed that the pharmacokinetics of cyclosporin 
were not significantly different in the absence and presence 
of LVX. 51 Federico et al investigated the pharmacokinetic 
interaction between LVX and cyclosporin or tacrolimus in 
kidney transplant recipients. LVX administered at a dose 
of 500 mg twice daily for 6 days significantly increased the 
mean AUC, C , average blood concentration (C ), and 

' max' 0 x av' 3 

blood concentration measured at the end of a dosing interval 
at steady state (C ttough ) of cyclosporin by about 25%, and 
increased the mean AUC and C of tacrolimus by 27%. 52 

av J 

Nevertheless, no adverse effects were observed, and no 
supratherapeutic concentrations of cyclosporin or tacroli- 
mus were found. Reduction of the dosage of cyclosporin or 
tacrolimus should only be considered when clinical and/or 
laboratory signs of toxicity appear. 

Relationship between transporters 
and LVX pharmacokinetics 

Fluoroquinolones exist as charged molecules in blood and 
urine, making their absorption, distribution, and elimina- 
tion likely to be influenced by active transport mechanisms. 
Greater understanding of in vivo fluoroquinolone clear- 
ance mechanisms should help improve the predictability 
of drug-drug interactions and enhance the clinical safety 
and efficacy of such agents. 53 Sporadic reports in the 
literature show that drug transporters are involved in the 
pharmacokinetics of LVX. Maeda et al identified the influx 
transporters of LVX in a human colon cancer (Caco-2) cell 
line. 54 Organic anion transporting polypeptide 1A2 was 
concluded to transport LVX, with a Michaelis constant 
(K m ) value of 136 u\M, and the results of this study suggest 
that active influx transport could at least partially explain 
the high membrane permeability of the fluoroquinolone in 
various tissues. 
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Naruhashi et al investigated the transport of fluoroqui- 
nolones and the contribution of the secretory transporter 
P-glycoprotein by using a P-glycoprotein-overexpressing cell 
line, LLC-GA5-COL150, and P-glycoprotein gene-deficient 
mice (mdrla/lb double knockout mice). The secretory- 
directed transport (basal to apical) of LVX was detected in 
LLC-GA5-COL150 cells, indicating that P-glycoprotein 
contributed to disposition of LVX. 55 Ito et al also confirmed 
that P-glycoprotein is involved in the renal tubular secretion 
of LVX. The apparent K m value for the saturable transcel- 
lular transport of LVX from the basolateral to apical side in 
LLC-GA5-COL150 monolayers was 3.0 mM. The increased 
basolateral-to-apical transport in LLC-GA5-COL 150 mono- 
layers was completely inhibited by P-glycoprotein inhibitors 
such as cyclosporin and quinidine. 56 

Mulgaonkar et al reported that human organic cation 
transporter 1 in the sinusoidal membrane of hepatocytes and 
the basolateral membrane of proximal tubule cells is likely 
to play a role in the disposition of LVX since LVX achieved 
statistically significant (_P<0.01) but weak inhibition of 
human organic cation transporter 1 transport. 57 Using rat 
multidrug and toxin extrusion protein (MATE) 1 expressed in 
MDCKII cells, Ohta et al demonstrated that MATE1 is also 
involved in the renal tubular secretion of fluoroquinolones, 
including LVX. 58 

Single nucleotide polymorphisms have been identified 
in the SLC01A2 gene encoding organic anion transporting 
polypeptide 1 A2, the ABCB1 gene encoding P-glycoprotein, 
and the SLC47A1 gene encoding MATE 1. 59-62 It would be 
worthwhile performing studies to determine whether these 
polymorphisms contribute to intersubject variation in LVX 
pharmacokinetics. 

Conclusion 

Personalized therapeutics of LVX are necessary for the 
sake of better safety, clinical efficacy, and avoidance of 
resistance. We specially addressed this topic with a focus 
on pharmacokinetic concerns. New findings regarding indi- 
vidual dosing of LVX in special patient populations and in 
vivo active transport mechanisms open up new horizons in 
clinical practice. Personalized therapeutics would go deeper 
into routine practice and improve patient-specific outcomes if 
clinical practitioners performed comprehensive interventions, 
such as seeking online information to assist dose guidelines, 
pharmacokinetic dose consultation services provided by 
pharmacy, daily attendance of a clinical pharmacist during 
ward rounds, and prospective review of the appropriateness 
of physician orders by pharmacists. 
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